The 167.5 kb sequence of the conjugative IncC plasmid pIP40a, isolated from a Pseudomonas aeruginosa in 1969, was analysed. pIP40a confers resistance to kanamycin, neomycin, ampicillin, sulphonamides and mercuric ions, and several insertions in a type 1 IncC backbone were found, including copies of IS3, Tn1000 and a novel mercury resistance transposon, Tn6182. The antibiotic resistance genes were in two locations. Tn6023, conAntibiotic resistance Transposon taining the aphA1 kanamycin and neomycin resistance gene, is in a partial copy of Tn1/Tn2/Tn3 (bla TEM, ampicillin resistance) in the kfrA gene, and the sul2 sulphonamide resistance gene is in the integrative element GIsul2 in the position of ARI-B islands. The 11.5 kb class II transposon Tn6182 is only distantly related to other class II transposons, with at most 33% identity between the TnpA of Tn6182 and TnpA of other group members. In addition, the inverted repeats are 37 bp rather than 38 bp, and the likely resolution enzyme is a tyrosine recombinase (TnpI). Re-annotation of GIsul2 revealed genes predicted to confer resistance to arsenate and arsenite, but resistance was not detected. The location of GIsul2 confirms it as the progenitor of the ARI-B configurations seen in many IncC plasmids isolated more recently. However, GIsul2 has integrated at the same site in type 1 and type 2 IncC plasmids, indicating that it targets this site. Analysis of the distribution of GIsul2 revealed that it in addition to its chromosomal integration site at the 3′-end of the guaA gene, it has also integrated into other plasmids, increasing its mobility.
Introduction
IncC plasmids have long been known to play an important role in the dissemination of antibiotic and mercuric ion resistance determinants. They were first recovered in Paris in the late 1960s (Chabbert et al., 1972; Witchitz and Chabbert, 1971 ). However, it was not until 2007 that an IncC plasmid was sequenced (Welch et al., 2007) . Plasmid pIP40a was originally recovered from a clinical Pseudomonas aeruginosa isolate in Paris in 1969 and classified as IncP-3. It was transferred by conjugation into an Escherichia coli host and was assigned to incompatibility group IncC using R55, also recovered in 1969 in Paris (Witchitz and Chabbert, 1971) , as the IncC reference plasmid (Chabbert et al., 1972) . For a period of time, IncC plasmids were combined with the IncA plasmids as IncA/C (Datta and Hedges, 1972) . Later, they were split into A/C1 and A/C2 (Carattoli et al., 2006) , corresponding to the IncA and IncC groups respectively (Harmer et al., 2016b) . However, as IncA and IncC plasmids were known to be compatible (Datta and Hedges, 1973) , the designation IncA/C is incorrect and they have been separated again into IncA, of which RA1 is the only sequenced example, and the more common and more important IncC group .
A comparison of the 29 IncC plasmid sequences available in the public domain in 2014 revealed that there were two distinct lineages, type 1 and type 2 (Harmer and Hall, 2014) . The backbones of IncC plasmids from the two lineages differ by ~ 1% and are also distinguished by two regions where alternate sequences are found, orf1832 in type 1 or orf1847 in type 2, and rhs1 in type 1 or rhs2 in type 2, and two small additional segments (i1 and i2) in the type 2 plasmid backbone (Harmer and Hall, 2014) . It is clear that the type 1 and type 2 IncC plasmids have separate evolutionary histories, and we recently developed a PCR typing scheme to distinguish type 1 and type 2 plasmids (Harmer and Hall, 2016) . However, sequences provide more detailed information.
One of the key stages in the evolution of type 1 and type 2 IncC plasmids has been the acquisition of antibiotic resistance islands, and sub-lineages can be identified based on the location of resistance islands, which can vary internally. The majority of recently isolated type 1 plasmids have the ARI-A island, and are likely to be descended from a common ancestor . However, surprisingly the ARI-B antibiotic resistance island, containing sul2 and all or part of the small mobile element CR2, is found in the same location in both type 1 and type 2 IncC plasmids Harmer and Hall, 2014) . A variety of ARI-B configurations carrying additional antibiotic resistance genes have been observed (see Table 5 and Fig. 7 in ). Recently, it has been shown that the sul2 gene is part of a 15 kb integrative element GIsul2 (Nigro and Hall, 2011; Hamidian and Hall, 2017) . In three sequenced IncC plasmids (R55, pEA1509 and pCFSAN001921), ARI-B is bounded by the two outer ends of GIsul2 Nigro and Hall, 2011) , but the central portion of the genomic island has been lost. Hence, ARI-B appears to have originally formed via the integration of GIsul2. However, no IncC plasmid carrying a complete copy of GIsul2 had been seen until recently. Whether GIsul2 was acquired independently by each lineage, or whether recombination between the two lineages has occurred remains to be resolved. R55, the oldest IncC plasmid known to be type 2 (Harmer and Hall, 2014) , has been sequenced and it had already acquired a complex antibiotic and mercury resistance region (Doublet et al., 2012) . However, the type 1 plasmids are the most important, as members of this group have acquired the blaCMY cephalosporin resistance gene and more recently the blaNDM carbapenem resistance gene which has been acquired by the ARI-A resistance island. Among the type 1 plasmids, pDGO100, which was recovered in 1981 (Groot Obbink et al., 1985) , was one of the oldest that had been sequenced so far (Harmer et al., 2016b) . pDGO100 had acquired the ARI-A resistance island but lacks an ARI-B island. The next oldest, p199061_160, wasn't recovered until 1991 (Fernandez-Alarcon et al., 2011) . Though over 100 IncC plasmids have been sequenced since 2007 (last searched 1st February 2017), they mostly originate from the contemporary period and many are identical to one another or very closely related . Hence, they do not add a great deal to our understanding of the longer-term evolutionary history of the type 1 IncC plasmids, or their role in the emergence of antibiotic and heavy metal resistance.
Recently, we showed that pIP40a is type 1 (Harmer and Hall, 2016) . Hence, both type 1 and type 2 IncC plasmids were circulating in Paris in the late 1960s and contributing to the development of antibiotic resistance. We also used PCR to show that ARI-B in pIP40a contains both ends of GIsul2, and confirmed by sequencing (GenBank accession number KX709966) that it contains a complete copy of GIsul2 (Harmer and Hall, 2016) . Here, we present a detailed analysis of the complete sequence of pIP40a, aimed at increasing our understanding of the evolution of IncC plasmids and of the role of genomic island GIsul2 in spreading the sul2 sulphonamide resistance gene. A novel class II transposon was also identified.
Methods

pIP40a
Plasmid 40a was originally recovered in 1969 in Paris, France, from a P. aeruginosa clinical isolate that had caused a urinary tract infection (Chabbert et al., 1972) and later assigned an Institute Pasteur (IP) number. pIP40a was recorded as conferring resistance to kanamycin, neomycin, ampicillin, sulphonamides, and mercuric ions. An E. coli containing pIP40a was obtained from the UK National Type Culture Collection via Professor David Gordon (Australian National University).
To determine the frequency of transfer, pIP40a was transferred overnight (16 h) on solid media from nalidixic acid resistant (Nx R ) E. coli DH5-α to streptomycin resistant (Sm R ) E. coli UB1637 as described previously (Harmer et al., 2016b) .
Antibiotic and heavy metal susceptibility testing
Antibiotic susceptibility profiles were determined as described previously (Bailey et al., 2010) . Resistance to mercuric ions was tested by growing strains overnight at 37 °C on LB agar supplemented with 25 μg/ml HgCl2. Resistance to arsenate and arsenite was tested by growth on LB agar containing 5 mM NaAsO2 or 20 mM Na2HAsO4, respectively.
Analysis of pIP40a sequence
The complete sequence of pIP40a assembled previously (Harmer and Hall, 2016) , and submitted to GenBank under accession number KX709966, was analysed. Here, additional sequence data that increased the read depth from 12 to 29-fold was assembled and no differences were found. The copy number of pIP40a was assessed using contig coverage relative to that of seven chromosomal genes. Reading frames of > 300 bp (100 aa) were predicted using Gene Construction Kit (Textco BioSoftware, Raleigh, NC, USA) and were annotated using the annotations of the IncC plasmids pRMH760 (GenBank accession number KF976462) and pR148 (GenBank accession number CP000603) as a guide. Insertion sequences were identified using IS Finder (https:// www-is.biotoul.fr) (Siguier et al., 2006) , and antibiotic resistance genes were identified using ResFinder 2.1 (https://cge.cbs.dtu.dk/services/ ResFinder/). Pfam (http://pfam.xfam.org/) was used to assist in the prediction of the function of proteins encoded by genes whose function has not been experimentally determined.
The backbone of pIP40a was derived by removing the transposons, insertion sequences and antibiotic resistance islands, and any duplication created when they were inserted. The backbone was compared to other complete IncC plasmids present in the Genbank non-redundant database. To facilitate comparisons, the backbones of these plasmids were generated in the same manner by removing all insertions, then circularising the sequences and reopening them at the same location, namely 1139 bp upstream of repA.
Detection of excised GIsul2
To test for excision of GIsul2 from pIP40a, E. coli UB1637 (Sm R ) containing pIP40a was grown overnight in Luria Broth without selection. Whole cell genomic DNA was extracted and used as the template in a PCR with primers RH1879 (5′-ATCGTGCCAAACACAAACAA-3′) and R3R (5′-GAATGCATAACGACGAGTTTGG-3′). These primers have been utilised previously in different combinations (Harmer and Hall, 2016) , to detect the excised circular product. PCR conditions were as published previously (Harmer and Hall, 2016) . To test for low frequency excision, 1 μl of the PCR reaction was used as a template for a second round of amplification using the same primers.
Results
Plasmid pIP40a
pIP40a was previously reported to contain genes conferring resistance to ampicillin, kanamycin and sulphonamides (Chabbert et al., 1972) . E. coli containing pIP40a were also able to grow on plates containing 25 μg/ml HgCl2, indicating the presence of a mer module. pIP40a had a unit copy number. The efficiency of transfer of pIP40a (E. coli DH5-α to E. coli UB1637) was 4.38 × 10 − 5 Ap R Km R Su R transconjugants per donor (average of three independent determinantions). This is between 100-and 1000-fold lower than the conjugation frequencies of other well-studied type 1 IncC plasmids such as pRMH760 (6.4 × 10 − 2 (Harmer and Hall, 2014) ), pDGO100 (3 × 10 − 3 (Harmer et al., 2016b) ) or the type 2 pVCR94ΔX (3.5 × 10 − 3 -1 × 10 − 2 (Carraro et al., 2014b , Carraro et al., 2014a ). The pIP40a sequence (GenBank accession number KX709966) was 167,554 bp, and the sequence of the backbone confirmed recent findings (Harmer and Hall, 2016 ) that pIP40a is a type 1 IncC plasmid. Several insertions were identified in the backbone of pIP40a, and their locations are shown in Fig. 1 . An IS3, flanked by a 3 bp target site duplication (TSD), has interrupted the rhs1 gene as noted previously Horizontal arrows indicate the location, size and orientation of ORFs, and every tenth reading frame is numbered below the arrows. The positions of GIsul2, transposons, IS3, and a deletion within orf15 are indicated by vertical arrows. All ORFs > 100 aa are shown, and select ORFs < 100 aa with known function are shown. Genes coding for proteins of known function are named above and colored according to the key. Figure was generated using Adobe Illustrator CS6. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) (Harmer and Hall, 2016) . pIP40a also includes a partial copy of Tn1/ Tn2/Tn3 interrupted by the kanamycin resistance transposon Tn6023 (Cain and Hall, 2011) , which includes the aphA1b gene conferring resistance to kanamycin and neomycin (Km R Nm R ), a complete copy of the class II transposon Tn1000 (also known as gamma delta) (Broom et al., 1995) , and a novel mercury-resistance transposon which we named relative to pIP40a, differing by 65 SNPs, most shared by pRMH760. The non-synonymous substitutions in the tra genes could be responsible for the low transfer frequency.
Tn1/Tn2/Tn3::Tn6023
Tn6182. pIP40a includes GIsul2, containing sul2 (Su R ), as the ARI-B
The bla TEM-1 ampicillin resistance gene is found in a remnant of a resistance island. Whilst most known type 1 IncC plasmids carry an ARI-A resistance region , pIP40a does not, and the plasmid backbone is continuous at the ARI-A location. Hence pIP40a, only the second sequenced type 1 IncC plasmid that does not contain an ARI-A island , belongs to a type 1 lineage that predates the entry of the ancestral form of ARI-A.
The backbone of pIP40
Removal of ARI-B, the transposons, the IS and the duplications they created, generated a plasmid backbone of 127,670 bp ( Fig. 1 ) that includes a replication initiation gene (repA), genes for conjugative transfer (tra), plasmid partitioning (par), a variety of other genes with predicted functions, and open reading frames with no known function that have been described elsewhere Hancock et al., 2017) . The pIP40a backbone is 133 bp smaller than the typical type 1 IncC backbone of 127,803 bp (Harmer and Hall, 2014) , due to a 131 bp deletion internal to an open reading frame with no known function (see Fig. 1 ), and the absence of two single base-pairs in intergenic regions of the backbone, that are present in all other type 1 IncC plasmids. A BLAST search using the pIP40a backbone as a query showed that it is most closely related to the backbone of pRMH760 (GenBank accession number KF976462). In addition to the 131 bp deletion in pIP40a and a 2358 bp deletion in the rhs1 gene of pRMH760, the two backbones differ by a total of 63 single nucleotide polymorphisms (SNPs) distributed throughout the backbone. The majority of the SNPs are intergenic (21/63) or in ORFs of no known function (28/63). Seventeen are in genes of known function, of which nine are silent substitutions. The remaining eight SNPs result in single amino acid changes in TraI, TraL, TraC, TraN, Int, and Yac, and two substitutions in Dcm3. pR148 (GenBank accession number CP000603), which includes the 2358 bp missing from pRMH760, is the next closest Tn1/Tn2/Tn3 transposon (Fig. 2a) that has inserted into the kfrA gene of the pIP40a backbone ( Fig. 1) and is flanked by a 5 bp TSD. The 2641 bp aphA1b-containing IS26-bounded transposon Tn6023 (GenBank accession number GU562437) has subsequently inserted in this Tn (Fig. 2a) , and an IS26-mediated deletion arising from either one or both of the IS26 bounding Tn6023 has removed 1935 bp of the Tn, removing res and truncating the tnpA gene. As this region includes the features that distinguish Tn1, Tn2 and Tn3 from each other (Partridge and Hall, 2005; Bailey et al., 2011) , it is not possible to identify the specific variant. Tn6023 is not flanked by a TSD due to this deletion.
Tn6023 is unusual because the two IS26 flanking aphA1b are inversely oriented, whereas in most IS26-bounded transposons the IS are in the same orientation. Tn6023 was first described as a component of a larger transposon (GenBank accession number GU562437) in an IncHI2 plasmid, pSRC125, recovered from a S. enterica of bovine origin in Australia in the year 2000 (Cain and Hall, 2011) . However, the presence of Tn6023 in pIP40a shows clearly that it arose at least three decades earlier. In pSRC125, Tn6023 is within Tn5393 and is flanked by an 8 bp TSD. A BLAST search of the GenBank nucleotide database using Tn6023 as a query revealed that it has since been found in the chromosomes or plasmids of a number of bacterial species, including Corynebacterium singular, Pseudomonas putida, P. aeruginosa, Serratia marcescens, Acinetobacter baumannii and Proteus mirabilis. In most of these sequences, Tn6023 is not flanked by a TSD. However, in five Corynebacterium genome sequences (GenBank accession numbers CP010827, CP009211, AM942444, FN825254 and CP004085), Tn6023 is in the same position in Tn5393 as in pSRC125 flanked by the same 8 bp duplication.
Tn6182, a new class II mercury resistance transposon
A novel 11,514 bp transposon, Tn6182 (Fig. 2b) , is inserted in the intergenic region downstream of rhs1 in pIP40a (Fig. 1 ). Tn6182 is bounded by 37 bp terminal inverted repeats and is flanked by a 5 bp TSD. Annotation of all open reading frames encoding proteins > 50 amino acids (see Table 1 and GenBank accession number KX709966 for full annotations), uncovered a gene encoding a 995 aa protein, identified by Pfam as a class II (Tn3 family) TnpA transposase (PF01526), at one end of Tn6182. TnpA6182 is co-linear with the unusually long transposases found in class II transposons, and phylogenetic analysis ( Fig. 3a) with one or more representative transposases from each of the clades of the class II transposons defined recently (Nicolas et al., 2015) a showed that TnpA6182 is only distantly related to other class II transposases. The closest relative is the TnpA of Tn4652 (GenBank accession number X83686), with which it shares 33% aa identity. The other class II transposases all share < 26% aa identity with the TnpA of Tn6182. Hence, Tn6182 likely represents a new clade.
The inverted repeats (IR) of Tn6182 also exhibit differences from those of other class II transposons. The four terminal bases (GGGG) of the 38 bp IRs of all other class II transposons are completely conserved (see alignment in (Nicolas et al., 2015) ). However, one of these bases is not conserved in the IRs of Tn6182 (GAGG) (Fig. 3b) . The 38th base of the inverted repeats in all other class II transposons, a highly-conserved G nucleotide, is not present in Tn6182 (Fig. 3b) . Hence, the IRs are one base pair shorter than the more usual 38 bp IRs for other class II transposons. Many class II transposons include a tnpR gene encoding a TnpR serine recombinase (resolvase) that acts to resolve cointegrates, whilst in others, including Tn6182, a tnpI or int gene encoding a tyrosine recombinase (Pfam PF00589) replaces tnpR (Nicolas et al., 2015) . Another gene, kfrA, encodes a DNA binding protein associated with plasmid replication (Pfam PF11740). Though there are similarly named genes in the IncC backbone that encode proteins sharing the same Pfam, the Tn6182 tnpI and kfrA genes do not share any significant sequence similarity with those from IncC plasmids. Like many other class II transposons, Tn6182 carries a mercuric ion resistance operon, and pIP40a confers resistance to mercuric ions. The mer module is novel, but the MerA, MerC, MerP, and MerT proteins share 46-64% amino acid identity with the corresponding Mer proteins in the well-characterised Tn21 (GenBank accession number AF071413), Tn501 (GenBank accession number Z00027) and Tn1696 (GenBank accession number U12338) mer operons (Table 2) , allowing their functions to be deduced. However, unlike most other transposons that carry the mer operon at an outer end (Liebert et al., 1999; Partridge et al., 2001) , the mer operon of Tn6182 (merACPTR) is located in the central portion of the transposon (Fig. 2b) .
GIsul2, the progenitor of ARI-B islands
We recently proposed that the various ARI-B resistance islands seen in many type 1 and type 2 IncC plasmids arose from GIsul2 integrated into the IncC backbone Harmer and Hall, 2016) . The pIP40a sequence confirmed this as the ARI-B island of pIP40a is a complete copy of the 15,460 bp integrative element GIsul2 (Fig. 4a) . Re-examination of all GIsul2 open reading frames predicting proteins longer than 50 amino acids (see Table 3 and GenBank accession number KX709966 for full annotations) has enhanced the earlier annotations of GIsul2 (Nigro and Hall, 2011) . In addition to the previously described int, repA, repC, trbJ, trbL, resG, rcr2 , and sul2 genes (Nigro and Hall, 2011) , a number of genes that had been overlooked were identified.
GIsul2 includes an apparently complete arsenate/arsenite resistance operon (arsBCHR, Fig. 4a ) that encodes proteins that are distantly related to those from other previously characterised ars operons such as those found in S. enterica R46 (GenBank accession number NC003292), E. coli R773 (GenBank accession number J02591), and P. aeruginosa PAO1 (GenBank accession number NC002516). The module in pIP40a encodes ArsC and ArsB homologues that are over 40% identical to those of P. aeruginosa PAO1 (Cai et al., 1998) , and an ArsH protein that is 63% identical to ArsH from R64 (Sampei et al., 2010) . Hence, all the genes required to confer resistance to arsenite and arsenate are present (Kaur et al., 2011) . However, the E. coli transconjugants containing pIP40a did not grow on LB agar supplemented with 5 mM sodium arsenite or 20 mM sodium arsenate. This susceptibility to arsenate and arsenite indicates that there may be a defect in the operon or that the ArsR regulator of the operon may be inactive, and this will require further investigation.
GIsul2 also includes three genes encoding proteins that may be important for the stable maintenance of the genomic island (Fig. 4a) , including a putative type 1 toxin (Pfam 12,703), the putative anti-toxin (PemI) sharing 42% amino acid identity with GenPept EXI82236, and a protein that belongs to the StbC superfamily of proteins (NCBI Conserved Domain cl01921) that is usually associated with plasmid stability.
A small 237 bp orf was found between the genes for the conjugative transfer proteins TrbJ (GenPept AOE47832) and TrbL (GenPept AOX98907) described previously. The predicted 78 aa protein (GenPept AOX98906) was identified as a putative entry exclusion lipoprotein TrbK (Fig. 4a) , as it shares 33% amino acid identity with the TrbK entry exclusion protein of the IncP1-α plasmid RP4 (RP1, RK2, R18, R68). TrbJ and TrbL of GIsul2 share 58% and 52% amino acid identity with TrbJ and TrbL from RP4, respectively. RP4 TrbL is believed to be involved in mating pair stabilization, whilst TrbJ is an inner membrane pore-forming protein (Pansegrau et al., 1994) . TrbK in RP4 prevents other IncP1-α plasmids from using conjugation to enter the same cell (Haase et al., 1996) . Due to the similarity between the Trb proteins encoded by genes on GIsul2 and IncP1-α plasmids, it is possible that GIsul2 interacts with IncP1-α or related plasmids. The similarity between the IncP1-α trbJ, trbK and trbL genes and the genes now known to belong to GIsul2 had been noted previously (Chiu and Thomas, 2004) . However, at the time, the context of the genes had not been examined and GIsul2 had not yet been discovered.
Stability of GIsul2 in pIP40a
The int gene of GIsul2 encodes an Int (integrase, Pfam PF00589) protein that shares 89% amino acid identity with the SlpA integrase of the CP4-57 phage . Interestingly, GIsul2 also includes a gene, alpA, encoding an AlpA transcriptional regulator (Pfam PF05930, GenPept AOX98904), which shares 84% aa identity with the AlpA (MerR-family) DNA binding protein of the CP4-57 prophage . In the CP4-57 phage, AlpA positively regulates the SlpA integrase , and increased SlpA leads to excision and loss of the prophage . Hence, it is likely that Int of GIsul2 is regulated by AlpA in the same manner. Related Int and AlpA proteins have been found in a group of integrative elements that are found at the end of the guaA guanine monophosphate (GMP) synthase gene (Song et al., 2012) .
As GIsul2 is an integrative element, under appropriate conditions it should be able to excise from the plasmid or chromosome in which it resides. To examine the stability of GIsul2 (Su R ) in pIP40a, E. coli cells containing pIP40a were grown overnight (~ 22 generations) without sulphonamide selection. No sulphonamide-susceptible cells were detected among 600 colonies screened (200 colonies from each of three independent experiments), indicating that all cells tested had retained GIsul2. To test for low-frequency excision of the GI, whole cell DNA extracted after a single cycle of growth without antibiotic selection of cells containing pIP40a was used as a template in a PCR using primers RH1879 and R3R that face outwards from the int (RH1879) and sul2 (R3R) ends of GIsul2, and would be expected to generate an amplicon of 788 bp if the excised circular form of GIsul2 (or a tandem duplication) is present. No amplicon was produced from whole cell DNA from three independent cultures of cells containing pIP40a, and re-amplification using the same primers also failed to produce an amplicon. Hence, GIsul2 is stable in pIP40a and specific conditions may be required to a b Fig. 4 . GIsul2. a) Structure of GIsul2 in pIP40a. A horizontal bar indicates the extent of GIsul2. Genes coding for proteins of known function are named above and colored according to following key: green, plasmid maintenance; purple, regulation; yellow, replication; brown, heavy metal resistance; white, no known function; orange, antibiotic resistance; red, DNA metabolism; blue, conjugative transfer. GIsul2 in pIP40a was drawn to scale from GenBank accession no. KX709966. b) Alignment of the int and sul2 ends of GIsul2 with the uninterrupted IncC backbone (pRMH760). Shared bases are denoted by a vertical line. The origin of each segment is denoted by shading according to the key below. A dotted box surrounding bold letters indicates the bases involved in the integration of GIsul2. pRMH760 sequence was retrieved from GenBank accession nos. KF976462. c) Alignment of the type 1 and type 2 IncC backbone sequences surrounding GIsul2. Asterisks denote SNPs between the type 1 and type 2 backbones. Type 1 and type 2 sequences were retrieved from GenBank accession nos. induce the excision of GIsul2.
GIsul2 was acquired independently by type 1 and type 2 IncC plasmids
We have previously defined the four bases (GGGA) that are found at both the left and right boundaries of GIsul2 in the hybrid IncC plasmid p39R861-4 (Anantham et al., 2015) , and the same bases are present at each end of GIsul2 in pIP40a (Fig. 4b) . Only one GGGA is derived from the IncC backbone and the second is from GIsul2. The backbones of type 1 and type 2 IncC plasmids differ by approximately 1 bp/100 bp c d e (Harmer and Hall, 2014) , and the presence of GIsul2 or a GIsul2 remnant in the same position and orientation in both type 1 and type 2 plasmids suggested that this location may be a site recognised by the GIsul2 Int. Examination of 1 kb of plasmid backbone sequence on either side of GIsul2 in pIP40a (type 1) and the GIsul2 remnant in R55 (type 2) revealed that it corresponds to the type 1 and type 2 backbones, respectively. In fact, the closest single basepair differences are 8 away from the conserved GGGA on one side and 10 bp away on the other (Fig.4c) . If GIsul2 had been acquired once then spread via homologous recombination the crossovers would have been within these 8 and 10 bp spans. Hence, this element has been independently acquired by the two lineages.
Distribution of GIsul2
We previously reported that complete copies of GIsul2 were found in bacterial chromosomes of four species and in two plasmids (Anantham et al., 2015; Nigro and Hall, 2011) . In the chromosomes, GIsul2 was located in the end of the core guaA GMP synthetase gene (Anantham et al., 2015; Nigro and Hall, 2011 ). An updated search for sequences in the GenBank non-redundant database (October 2016), and a recent report of a complete GIsul2 in the draft genome of Acinetobacter baumannii ATCC 19606 (Hamidian and Hall, 2017) , revealed that complete copies of GIsul2 are now found in a total of 11 chromosomes from a variety of Gram negative bacterial species (Table 4) . In nine out of the 11 chromosomes, GIsul2 is located in the end of the core guaA gene (Fig. 4d) , always in the same orientation, and this is clearly the preferred target site. GIsul2 inserts 4 bp from the 3′-end of guaA within an 8-bp concensus sequence (GAGTGGGA, Fig. 4e ), which was found at both the left and right boundaries of the element and this sequence was also noted for related elements that target this site (Song et al., 2012) . The next four bases at the int end of GIsul2 (ATGA) restore the stop codon in guaA.
In A. baumannii strains 3207 (GenBank accession number CP015364) and ATCC19606 (Hamidian and Hall, 2017) , the sequence surrounding GIsul2 is not normally part of the A. baumannii chromosome, and GIsul2 appears to be in a larger genomic island. Complete copies of GIsul2 were also found in five plasmid sequences in addition to pIP40a (Table 4 ). The plasmids belong to incompatibility groups IncB/O, and IncX. Two plasmids from Acinetobacter species are of an undetermined type. The same four bases are also conserved surrounding GIsul2 in the plasmids of different incompatibility types listed in Table 4 , and these too may represent Int-specific sites.
4. Discussion pIP40a is one of the oldest known IncC plasmids recovered to-date. However, pIP40a had already acquired a novel mercury resistance transposon, Tn6182, as well as Tn6023 (conferring kanamycin and neomycin resistance), a partial copy of Tn3 (conferring resistance to ampicillin), Tn1000, and GIsul2. pIP40a represents a lineage of type 1 IncC plasmids that is yet to acquire the ARI-A resistance island that plays such a key role in resistance gene accumulation, and pDGO100, from 1981 (Harmer et al., 2016b) , is currently the earliest known example of a type 1 plasmid containing ARI-A. However, pDGO100 does not contain ARI-B and therefore cannot be directly descended from pIP40a. As GIsul2 has been introduced on at least two separate occasions into the same site in a type 1 and type 2 IncC plasmid, it may have been acquired by the type 1 lineage on more than one occasion. The ancestor of the type 1 lineage that contains neither the ARI-A nor the ARI-B islands is still to be discovered. The Murray Collection of preantibiotic era strains recovered as early as 1917 was recently sequenced (Baker et al., 2015) . Though it may have been a source of ancestral IncC plasmids, a search of the sequencing metadata showed that no IncC plasmids were detected in the collection.
Subsequent to the release of our pIP40a sequence (Harmer and Hall, 2016) , another pIP40a sequence was reported (Szabo et al., 2016) (GenBank accession number KX156772). Interestingly, whilst the sequences are very similar, there are some differences that are likely to have accumulated over time, during storage and passage of the plasmid in different laboratories. The second sequence lacks the IS3, present in the rhs1 gene of our sequence, and contains three additional IS not present in our version of pIP40a; an IS2 inserted in a gene encoding a hypothetical protein (orf 21 in Fig. 1) , an IS186 in an intergenic region in the backbone, between orf106 and pri, and an IS150 in the int gene of GIsul2. The two backbones also differ by six single base pair differences. Comparison to other sequenced IncC plasmids showed that the six differences are unique to our pIP40a sequence, with all other sequences sharing the same bases as GenBank accession number KX156772. One of these single base substitutions occurs in an intergenic region, and one Plasmid 92 (2017) [17] [18] [19] [20] [21] [22] [23] [24] [25] is a missing base pair in pri that introduces a frame shift, extending the 576 aa Pri to a 586 aa protein. Two other single base substitutions are silent mutations in stbA and orf1832. The remaining two base pair differences result in the leucine usually found at position 113 of Int being replaced with an arginine, and the lysine at position 293 of Dcm3 being replaced with an arginine. The same study also reported the sequence of R16a (Szabo et al., 2016) , recovered three years earlier in 1966, from the St-Antoine Hospital in Paris (Chabbert et al., 1972) . This type 1 IncC plasmid also includes a complete copy of GIsul2 and does not contain an ARI-A island. It carries Tn6182 in the same position as seen in pIP40a, but the Tn6182 is interrupted by additional transposons that have introduced genes conferring resistance to ampicillin (Tn1, blaTEM-1), and kanamycin and neomycin (Tn6020, aphA1b). Hence, Tn6020, which was first detected in 2009 (Post and Hall, 2009 ) had been circulating much earlier, likely in response to the use of kanamycin, as had Tn6023 seen in pIP40a. These transposons continue to be found in modern day plasmids of various types. In contrast, this is the only report of Tn6182.
The analysis of the pIP40a sequence also uncovered previously unnoticed functions encoded by genes in the genomic island GIsul2. An apparently complete arsenate and arsenite resistance operon does not appear to confer resistance to these heavy metals. The similarity between the Int protein of GIsul2 and the SlpA integrase of the CP4-57 phage, which is known to be active , indicates the role that int, and the adjacent alpA, are likely to play in the biology of GIsul2. However, we were unable to detect excision and further experiments will be required to confirm the role of AlpA in the regulation of Int, and the subsequent Int-mediated excision of GIsul2.
The significant levels of amino acid identity between the TrbJ, TrbK and TrbL proteins of GIsul2 and those found in IncP plasmids suggests that GIsul2 may be mobilized by IncP plasmids in much the same way that IncA and IncC plasmids are able to mobilize SGI1 and SGI2 type Salmonella genomic islands (Hall, 2010; Harmer et al., 2016a; Douard et al., 2010; Doublet et al., 2005; Kiss et al., 2015; Carraro et al., 2014a) . This warrants further investigation. GIsul2 also includes three genes encoding toxin-antitoxin proteins and a stability protein, which may be involved in the stable maintenance of the island once it has integrated into the chromosome or a plasmid. 
